The paper presents a comprehensive approach for the design of discrete mode conventional power system stabilisers (PSS) considering a machine infinite bus system, using the ISE technique. Investigations reveal that the sampler and zero order hold (ZOH) need to be modelled for sampling frequencies less than 20 times the Nyquist frequency and that, beyond 20 times the Nyquist frequency, the sampler and ZOH may be neglected from the mathematical model. A comprehensive sensitivity analysis reveals that the discrete mode conventional PSS is quite robust and its nominal optimum parameters need not be reset following ±20% changes in inertia constant H, field open circuit time constant T' i0 , line reactance x e , AVR gain K A or loading P and Q from their nominal values.
Introduction
High initial response, high gain excitation systems equipped with power system stabilisers (PSS) have been extensively used in modern power systems as an effective means of enhancing the overall system stability. Input signals such as rotor speed, bus frequency, electrical power and accelerating power which can be used to derive the stabilising signal working through the reference of automatic voltage regulator (AVR) have been proposed in the literature [1] [2] [3] [4] [5] [6] . In almost all applications, implementation of the PSS has been with solid state analogue components. Lee et al. [7] have described the experience of using power system stabilisers for large thermal units at Ontario Hydro based on direct measurement of turbine generator shaft speed (commonly known as the DeltaOmega stabiliser). They have described the special speed sensing arrangements to mitigate the problem of excitation of torsional modes. A suitably designed torsional filter in the stabilising path is used as an added precaution against the possibility of torsional excitation.
During the last decade, the deviation in equivalent rotor speed (Ao).,) derived from shaft speed and integral of change in terminal electrical power has been used [7, 8] as input signal to PSS. Stabilisers with equivalent rotor speed (Aw eq ) as input signal are known as Delta-P-Omega stabilisers. Delta-P-Omega stabilisers are free from the inherent limitations of Delta-Omega stabilisers. DeMello has suggested [S, 6, 9] that the problem of excitation of torsional modes with Delta-Omega stabilisers can completely be eliminated if speed is derived from the measurement of the frequency of a voltage synthesised from machine terminal voltage and current, instead of being measured by a tachometer.
It may be noted that the structure of the PSS remains unchanged, irrespective of the input signals to PSS (i.e. AOJ or Att> eq or frequency of synthesised voltage signal).
In recent literature, the application of adaptive PSS has been proposed [10] [11] [12] [13] [14] [15] to counteract the problem of variations in the system parameters and operating conditions. However, for the relisation of such adaptive selftuning PSS, online identification of system parameters, observation of system states and computation of feedback gains in a short sampling period are needed. As an alternative to a self-tuning PSS, a variable structure PSS has been proposed in the literature [16] to counteract the problem of variation of system parameters and operating condition. Kundur et al. [8] have demonstrated that, with fixed parameter PSS, it is possible to satisfy the system requirements for a wide range of system conditions, thus undermining the need for complex adaptive or variable structure PSS.
Most of the work pertaining to the design of PSS deals with continuous time PSS. In the modern days, digital instruments are used for measuring the system variables such as speed, voltage, terminal power, current etc. It is thus obvious that input signals to PSS are available in a discrete form. A brief literature review presented above shows that no attempt has been made to design either discrete mode Delta-Omega or Delta-P-Omega stabilisers. The main objectives of the present work are as follows.
(i) To present a systematic approach for designing a Delta-Omega power system stabiliser operating in (a) a continuous mode and (b) a discrete mode, using the ISE technique. The performances of both continuous mode PSS and discrete mode PSS are also compared.
(ii) To study the effect of variation of sampling period on the selection of optimum discrete mode PSS and its impact on system dynamic performance.
(iii) To establish a cutoff sampling frequency in terms of a multiple of Nyquist frequency, below which the sampler and ZOH need be modelled and beyond which it is divorced from the mathematical model.
(iv) To perform sensitivity analysis to highlight the effect of variation of operating load and system parameters on the performance of the optimal discrete mode PSS.
System investigated
The system investigated comprises a synchronous generator connected to an infinite bus through a long transmission line. The IEEE type-1 excitation system model [17] , neglecting saturation of the exciter and voltage limits of amplifier output, has been considered. A conventional PSS comprising a pair of lead lag networks with speed deviation as input signal, is assumed.
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Small perturbation transfer function block diagram
The small perturbation transfer function block diagram of the system, relating the pertinent variables of electrical torque, speed, angle, terminal voltage, field voltage and flux linkages, is shown in Fig. 1 . This linearised model is obtained by linearising the nonlinear differential equations of the system around a nominal operating point.
The transfer function of the PSS is given as
where T w is the wash out time constant, H-T^ are PSS time constants and K c is the PSS gain.
PSS performance objectives
In the analysis and control of system stability, two distinct types of system oscillations are usually recognised [8] . One type is associated with units at a generating station swinging wrt the rest of the power system. Such oscillations are referred to as 'local plant mode oscillations'. The frequencies of these oscillations are typically in the range 0.8 to 2.0 Hz. The second type of oscillation is associated with the swinging of many machines in one part of the system against machines in other parts. These The input signal to the PSS is obtained through a sampler and a zero order hold circuit. Considering shaft speed deviation Aa> as the input signal and Aco d as the output signal from ZOH, the transfer function relating Act) and Aco, is given by
where T is the sampling period. For sampling periods T < 1 s, the transfer function of the ZOH may be approximated to
The ZOH thus introduces a phase lag as well as a gain in the PSS path. The phase lag and gain contributed by ZOH depends on the sampling period and the frequency of oscillation.
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are referred to as 'interarea mode' oscillations, and have frequencies in the range of 0.1 to 0.7 Hz. The basic function of the PSS is to add damping to both types of system oscillations. The overall excitation control system (including PSS) is designed so as to: (i) maximise the damping of the local plant mode as well as interarea mode oscillations without compromising the stability of other modes; (ii) enhance system transient stability; (iii) not adversely affect system performance during major system upsets which cause large frequency excursions; (iv) minimise the consequences of excitation system malfunction due to component failures.
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Primary considerations for the selection of PSS parameters |8|
Phase lead compensation
The PSS transfer function should have an appropriate phase lead characteristic to compensate for the phase lag between the exciter input and electrical torque. The phase characteristic to be compensated changes with system conditions. Therefore a compromise must be made and a characteristic acceptable for a desired range of frequencies (normally 0.1 to 2.0 Hz) and different system conditions is selected.
Stabilising signal washout
The signal wash out function is a high pass filter which removes DC signals and, without it, steady changes in speed would modify the terminal voltage. Kundur et al. [8] have considered the effect of the variation of T w on the phase lead characteristic of the PSS with and without transient gain reduction (TGR). They find that the change in phase lead characteristic is insignificant for T w > 10 s, over a wide range of frequency of oscillations. Thus T w = 10 s has been chosen for the present investigations.
Stabiliser gain
The stabiliser gain should be set to a value which results in satisfactory damping of the critical system modes without compromising the stability of other modes, or transient stability, and which does not cause excessive amplification of stabiliser input signal noise. 
Stabiliser output limits
x(oc) is evaluated from eqn. 4 i.e.
x(oo) = -A~lYp, since Mao) = 0
Analysis
7.1
Evaluation of K constants of the system The initial d-q axis current and voltage components and torque angle needed for evaluating the K constants are obtained from the steady-state equations given in Appendix 12 using the system data given in Appendix 13. These 
has increased from 0.014 without PSS to 0.SS32 with PSS, implying enhanced system damping with PSS. This is further substantiated by plotting the dynamic responses for a 1% step increase in mechanical input with and without PSS (Fig. 3) . It is important to examine whether the optimum PSS obtained in continuous mode works satisfactorily in the actual discrete mode. To answer this, dynamic responses are obtained for several sampling periods T, with an optimum continuous mode PSS parameter setting for 1% step increase in mechanical input (Fig. 4) . For the sample problem solved, it is seen that, as T increases, the dynamic responses gradually deteriorate and ultimately However, the degradation in dynamic performance is not very significant for T < 0.0S s. Is it desirable to optimise the PSS parameters considering actual discrete time dynamic model of the PSS? To answer this pertinent question, it is extremely important to explore the optimum PSS settings in the discrete mode for credible sampling periods using the mathematical model (eqn. 6).
Effect of variation of sampling period T on optimum settings of discrete mode PSS parameters
Optimum discrete mode PSS parameters (Kf and Tf) are obtained using the ISE technique by minimising the performance index J (eqn. 13) for several values of T. Table  2 shows the optimum values of these PSS parameters and the corresponding J* for several values of sampling periods. Table 2 (Figs. 7 and 8 ).
Sensitivity analysis
Although conceptually the optimum PSS parameters for the nominal condition would naturally change owing to change in system/operating parameters, it is worth exploring whether it is at all desirable to reset the optimum nominal PSS parameters from practical considerations. This is the main thrust of sensitivity analysis in our work. A sampling period of T = 0.02 s has been considered for the present analysis. Table 3 gives the optimum PSS parameters (K? and Tf) and the corresponding performance indices for a +20% change in H from its nominal value. It is seen that the This is also confirmed by plotting the dynamic responses for H -4.0 s with the desired optimum PSS and the nominal optimum PSS (Fig. 9) . The responses do not differ much for all practical purposes. Hence it may be inferred that there is no need to reset the nominal PSS parameters following 20% decrease in H from its nominal value.
Effect of change in inertia constant H
Similarly, for if = 6.0 s (an increase by 20% from the nominal value), K? = 49.4 and TJ = 0.36 s and the corresponding value of J* is 109.5%. Is it desirable to reset the PSS parameters from the nominal optimum to the desired optimum when H is changed from 5.0 s to 6.0 s? To answer this, the percentage J is evaluated with H = 6.0 s, with nominal optimum PSS and is found to be equal to 110.28%. It can thus be noted that the two percentage values of J* = 109.5% and J = 110.28% are quite close to one another, and hence are supposed to provide more or less similar dynamic performances. This is also confirmed by plotting the actual dynamic responses for H = 6.0 s with the desired optimum and nominal optimum PSS parameters (Fig. 9) . The responses are quite close to one another for all practical purposes. The above approach of analysis is applied to study the effect of change in other significant parameters as discussed below. Table 4 shows the variations in optimum PSS parameters and corresponding performance indices for ±20% change in T' i0 from its nominal value. Examining Table 4 
Effect of change in field open circuit time constant T M
Effect of change in line reactance x.
Effect of change in A VR gain K A
The effect of changes in AVR gain K A by ±20% from its nominal value on the parameters of optimum PSS and percentage values of J* and J is shown in Table 6 . Examining Table 6 it is inferred that the nominal optimum PSS is quite robust and need not be reset following a ±20% change in K A from its nominal value. 
Effect of change in loading conditions. P and Q
Changes in optimum PSS parameters following ±20% change in P and Q are given in Tables 7 and 8 , respectively. The corresponding percentage values of J* and J are also tabulated. Analysing the data, it is inferred that the nominal optimum PSS is quite robust and need not be reset following an excursion of ±20% in P and Q from their nominal values. This is also confirmed by plotting the appropriate dynamic responses. (i) A dynamic model of the system in state space form considering discrete mode conventional power system stabiliser is developed.
(ii) A comprehensive approach for obtaining the optimum values of the discrete mode PSS parameters using ISE technique has been presented.
(iii) Investigations reveal that, for sampling frequencies greater than about 20 times the Nyquist frequency, the effect of sampler and ZOH can comfortably be divorced from the mathematical model.
(iv) A comprehensive sensitivity analysis reveals that the discrete mode conventional PSS is quite robust and its nominal optimum parameters need not be reset following ± 20% changes in H, T'^, x,, K A , P and Q. 
Appendix
The constants K t -K 6 are evaluated using the relations given below [2] considering zero external resistance (i.e.
